This paper puts forward a new color multi-focus image fusion algorithm based on fuzzy theory and dual-tree complex wavelet transform for the purpose of removing uncertainty when choosing sub-band coefficients in the smooth regions. Luminance component is the weighted average of the three color channels in the IHS color space and it is not sensitive to noise. According to the characteristics, luminance component was chosen as the measurement to calculate the focus degree. After separating the luminance component and spectrum component, Fisher classification and fuzzy theory were chosen as the fusion rules to conduct the choice of the coefficients after the dual-tree complex wavelet transform. So fusion color image could keep the natural color information as much as possible. This method could solve the problem of color distortion in the traditional algorithms. According to the simulation results, the proposed algorithm obtained better visual effects and objective quantitative indicators.
Introduction
In recent years, multi-focus image fusion research has been extremely important in the data fusion field. Most of the fusion algorithms are based on the gray multifocus image fusion. However, the human visual system can only distinguish about 20 kinds of different gray levels at the moment of observing the gray images while can distinguish more than 1000 kinds of different color levels. 1, 2 The human visual system's ability to distinguish color is far better than the resolution of grayscale. So, more information can be obtained from the scene in color images more quickly and more accurately. In the current technology, color images can be captured, transmitted, and processed quickly and as a result have received more attention. Color multi-focus images are created by the limitation of focus region when the sensors capture the color images, which influence the overall effect of the images. 3 During the past few years, N. G. Kingsbury developed a dual-tree complex wavelet transform (DT-CWT), which allows perfect reconstruction. In the process of DT-CWT, the parameters will not have comparatively large variation even in the condition where the input image has slight offsets. Meanwhile, DT-CWT has a good performance of directional selectivity, which can separate factors from six different directions, making it possible to gain more detailed information from the original image and get the edge characters more clear. 4, 5 Generally, the performance of color multi-focus image fusion algorithm is largely decided by the color space model and blending strategy. Aiming at these two problems, the DT-CWT was introduced in the process of image fusion. Combining the characters of DT-CWT and multi-focus image fusion, a color multi-focus image fusion algorithm based on fuzzy theory and DT-CWT is put forward in this work. As the channels of R, G, B in the color image are related, chromatic distortion may occur when fusing the color images. The algorithm introduced in this work changes the fusing process of the original color image to the IHS space, which leads to a good effect compared with the results of the simulation experience.
Theory of DT-CWT
In 1998, Kingsbury put forward the theory of DT-CWT, which kept the advantages of complex wavelet transform (CWT) while solving the problems in the process of realizing the perfect reconstruction filters.
DT-CWT has two parallel beamlets named a and b, which adopts the real wavelet transform. Beamlet a gives the real part of CWT while beamlet b gives the imaginary part. The low-pass filter and high-pass filter of beamlet a is defined as h o ðnÞ and h 1 ðnÞ and those of beamlet b are defined as g 0 ðnÞ and g 1 ðnÞ. The exploded view of DT-CWT is shown in Figure 1 .
The two-dimensional DT-CWT not only has the advantages of a one-dimensional wavelet, but also has the direction selectivity, making it more suitable in handling the strangeness of direction. One-dimensional wavelet transform is adopted in rows and columns by corresponding filters in the process of two-dimensional DT-CWT, and three sub-bands are generated in the first and second quadrants corresponding to six directions of AE15 , AE45 , AE75 . Due to the good performance of translation invariance and direction selectivity of DT-CWT, detailed edge characters can be well kept in the process of decomposing original image in this work.
Fuzzy theory and ''if-then'' inference strategy ''If-Then'' inference strategy contains the condition statement fuzzy logic, the formation of which can be shown as follows.
In the statement ''If x is A then y is B'', A and B are fuzzy language variables and their relationship is fuzzy relation, which is marked as A ! B. ''x is A'' is the precondition while ''y is B' is the conclusion. The process of adapting ''if-then'' can be illustrated in three aspects as follows. The fuzzy reasoning is the process of deducing the new conclusions from all the possible preconditions. Uncertainties can be avoided effectively by applying this method in the image fusion.
Experimental result and analysis

Feature extraction
According to the mechanism of optical imaging, bandwidths of system functions of focus of image have a wider range than the unfocused one. 6 As a result, pixel value of clear image is obviously larger than the blurry one.
To get more information on the sub-band coefficients in the process of fusion, the mean square value of the difference between central pixel and neighboring window's pixel can be defined as
Þis the size of window and W is its pixel count.
The mean value of dependency of neighboring window can be defined as
By taking the difference in characteristics between the six high-frequency sub-bands generated in the process of decomposing of DT-CWT as feature vectors, we have
Tree a Figure 1 . The sample weighted graph constructed from Table 1 .
In the formula, i ¼ 1, 2, . . . 6 represents the six highfrequency sub-bands of DT-CWT.
The feature vector of each pixel is shown as follows
Fisher discriminator
By having the feature vectors, fisher discriminator is applied to the selection of sub-band coefficients of the focused and unfocused regions. Compared to the pulse coupled neural network (PCNN) and support vector machine (SVM), fisher discriminator is more convenient to carry out and has a quicker speed and circumstance of overload training can be avoided owing to the requirement of fewer training samples. 7 The optimal mapping direction of fisher standard is decided by the ratio of maximum of between-class scatter and within-class scatter. S w and S b represent matrixes of between-class scatter and within-class scatter, respectively
where u k is the mean vector of category k, u 0 is the mean vector of overall situation, and K is the number of categories. The optimal mapping direction is the eigenvector of maximum eigenvalue of S w À1 S b . In these two kinds of discriminating problems, it is not necessary to calculate the eigenvector of S w À1 S b and the optimal mapping direction can be defined as
Y 1 and Y 2 are the mapping of the two kinds of classification in the optimal direction W 0 . In the condition that
We kept the output of discriminator as the decision map, which chose sub-band coefficient in different directions and decomposition level of two images. The fusing rule can be defined under the rules as follows
In the formula, j ¼ 1, 2, . . . N À 1. N represents the number of decomposition levels, i ¼ 1, 2, . . . 6 indicates the six sub-bands in each decomposition level and $ is not, which is a logical operator. In the coarse scale decomposition level, DM's estimation is adopted by downsampling.
Fuzzy fusing rule
Most of the characteristic space's wavelet coefficient is influenced by smooth region of the original image, so that there is no distinct difference to judge whether it is the focus region or the unfocused one. In order to solve this uncertain condition, three different strategies are applied in the fusing rules, of which the first one adopts the following formula to get DM and it can be obtained by Fisher discriminator.
The second strategy adopts the following formula to get DM
In the formula, NF A,B can be gained by equation (2), that is
The third fusing rule is
The three fusing rules can be induced into a well-performed rule to realize the maximum of the information of the resulting images, and fuzzy theory discriminate can be applied to achieve this goal. ''IfThen'' inference strategy is adopted in this work and the discriminator can be built as follows if each fusing rule is marked as an output result. Each rule can be represented by a relation function. Figure 2 shows the triangle relationships of NF and En, in which T 1 and T 2 are the norms.
AND represents the smallest relation. In order to get the output result of the discriminator, all the direction of the rules are combined together. According to the maximum membership principle, 8 conclusion can be drawn as follows
where k is the number of the categories, j is the number of the rules, and i À! j indicates that rules i points to result Y k . In order to develop the fuzzy functional relation between NF and En, T 1 and T 2 need to be confirmed. In this work, T 1 ¼ 0:05 and T 2 ¼ 0:1.
The fuzzy fusing rule is applied in the high-frequency sub-bands of every decomposition level. In cases of low-frequency sub-band, another DM of fisher discriminator is applied, which is shown as follows
In the formula, DM is obtained through downsampling of this decomposition level. After combining all the sub-band coefficients, inverse transformation of DT-CWT is carried out to get the final fusion image.
In cases of the fusion of two color multi-focus images, the framework of fusion method is shown in Figure 3 . The method is made up by the following steps.
(1) Switch the two color multi-focus images A and B from RGB space to IHS space, and separate the luminance components I A and I B from these two images; (2) Do DT-CWT decomposition to luminance components I A and I B and get their low-and high-frequency coefficients, respectively; (3) Fuse the images under the fuzzy fusion rules and get the low-frequency coefficient S F ðx, yÞ and high-frequency coefficient D 
Experimental results and analysis
In order to verify the effectiveness and correctness of the method introduced in this work, a 600 Â 800 color multi-focus image of the same scene are simulated through this method and compared with the other three. The first one is based on the fusion algorithm of IHS space and Laplacian pyramid transform (LPT_IHS). The second one is based on the fusion algorithm of IHS space and DT-CWT (DT-CWT_IHS). The third one is based on the method of Wang et al., 10 which fuses R, G, B components from the original image after DT-CWT. In this method, the pixel of local area is set as 5 Â 5 and self-defined threshold value of low frequent components are set as 0.1 and 0.01, while the high-frequency components are set as 0 and 0.1. These three fusion algorithms based on multi-resolution analyzes all applied ''sym4'' wavelet filters. The images are all decomposed into three levels. In order to make it easy to compare the fusion algorithms of the simulation, fusion rules adapt the low-frequency coefficient of the weighted average and bigger region energy for high-frequency coefficient. Figure 4 From Figure 4 , compared with the original image, all fusion methods can fuse the focusing characteristics of different color multi-focus images effectively. The focus differences of the original images are all eliminated and the detailed information is kept. When compared in detail, fused image from paper 10 ( Figure 4(e) ) has an obvious color distortion from the original image. The reason lies in that this method fuses the R, G, B components of the original image respectively, which indicates the information of brightness, chromaticity, and so on. This process can destroy the proportional relation between brightness and chromaticity and reduce the gray information of the result image. On the contrary, the fusion results of LPT_IHS and DT-CWT_IHS have been improved greatly, but there are still some fuzzy regions on the English letters and the book edges in the images. The method introduced in this work, whose result is shown in Figure 4 (f), has well solved the problems raised by other methods due to the application of fuzzy theory.
In order to objectively evaluate the performance of different algorithms, the indexes adopted are correlation coefficient (CC), root mean square error (RMSE), and the color image quality measurement (CIQM) by Yang and Chiam 9 in the evaluation system. Table 1 gives the simulation indexes of the four fusion methods. Based on the three indexes introduced above, color multi-focus image fusion algorithm introduced in this work has a better overall fusion performance than the other three methods. The CC of LPT_IHS is the smallest and is the largest one, indicating its fusion performance is the worst. The performance of DT-CWT_IHS and the method of Wang et al. 10 are both better than LPT_IHSs, indicating that DT-CWT can provide more detailed edge information of images, which is advantageous in keeping the useful information of the original images.
The difference between DT-CWT_IHS and the method introduced in this work results from adopting different fusion rules, which shows that the rules raised in this work has the ability to improve the quality of fusion image. In addition, compared with DT-CWT_IHS, RMSE of this method reduced by 13.3%, indicating that this method can extract the sub-band coefficients more effectively.
The method of Wang et al. 10 has an obvious lower CIQM than the other three, standing for the highest color distortion, which correspond to the subjective assessment. The method raised in this work has a higher value of CIQM and this allows it to get more information from the images and achieve better fusion results.
Conclusions
In this work, a color multi-focus image fusion algorithm based on fuzzy theory and DT-CWT is put forward, which perfectly solves the problems of uncertainty generated in the process of selecting the sub-band coefficients in the smooth region of the image. We separated luminance component and spectrum component of the color original images in the IHS space, and the fuzzy theory is introduced. The mapping relations between different category characteristics and pixel gray values of images are measured by fuzzy membership degree and the scheme of selection of coefficient are put forward based on the fuzzy theory. The simulation results shows that this method has a better performance in keeping the detailed information of the original images than LPT_IHS, DT-CWT_IHS, and the method of Wang et al., 10 which successfully solves the color distortion problems produced by fusing the R, G, B channel respectively for the color multi-focus images.
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